In this work (Ti,Si,Al)N films were deposited using only rf or a combination of rf and d.c. reactive magnetron sputtering. Chemical composition, thickness, film structure and mechanical properties of the films were investigated by means of Rutherford backscattering (RBS), electron microprobe analysis (EPMA), ball-cratering, X-ray diffraction (XRD) and ultramicroindentation, respectively. All samples showed high hardness values, exceeding, in some cases, 50 GPa. XRD results revealed the formation of a mixture of two phases whose structure is similar to TiN. One phase is noted as being TiN bulk with a lattice parameter of 0.428 nm and develops only in conditions of high surface mobility. This behaviour can be associated with the segregation of the SiN phase, though the formation of an amorphous AlN phase cannot be excluded. Another phase, which is noted as Ti-Si-Al-N x (af0.420 nm), where Si and Al atoms substitute the Ti atoms on the TiN lattice, develops in situations of lower surface mobility. The thermal stability of these coatings was studied by thermal treatments in a vacuum atmosphere, where it was found that a small increase in hardness was obtained after 1 h heat treatment at 8008C. ᮊ
Introduction
TiN single layer coatings, as the traditional hard coatings, played an important role in the early development stage to improve the wear resistance of cutting and forming tools. One of the drawbacks of TiN is its limited oxidation resistance at high temperatures that can be reached during cut process. Although TiN shows good wear resistance, new materials with significantly improved properties concerning wear and oxidation resistance are being used to replace TiN in numerous applications w1x. These materials are of a more complicated structure, as there are ternary and quaternary systems w2x. (Ti,Al)N coatings exhibit a great improvement in oxidation resistance when compared with TiN coatings and can be used at temperatures up to 8008C w3-6x. Aluminium forms a stable oxide layer at the surface of these films upon exposure to oxidizing conditions, thus protecting the underlying (Ti,Al)N w7x. Important criteria for the suitability of a material for tribological applications concern not only resistance against oxidation, but also high hardness, stiffness and a low friction coefficient. Therefore, nanocomposite coatings materials have recently attracted increasing interest due to the possibility of combining all these properties. The most studied system up to now, and which revealed the most promising results, is the (Ti,Si)N system w8-12x. These films were characterised as being nanocomposites consisting of TiN cubic nanocrystallites embedded in an amorphous matrix of silicon nitride (nc-TiNya-Si N ) and were prepared by plasma 3 4 chemical vapour (PCVD), reaching a Vickers microhardness in the range of 80-105 GPa w13x. The superhardness of these composites depends on the crystalline and amorphous phases that all together must form strong materials with high cohesive energy at their interfaces. The usual mechanisms of deformation and mechanical failure are absent or hindered in such a material. Dislocations and other structural defects that may be formed during the deposition will become annihilated within the grain boundaries, so that even if formed under a high applied stress, the dislocations within the nanocrystals cannot glide through the amorphous grain boundary matrix w13x. This paper reports the results of the investigation of a quartenary nitride system -(Ti,Si,Al)N, and tries to understand the relationship between the mechanical properties (hardness, Young's modulus, elastic recovery) and the microstructure (nanocrystalline with individual phases). Particularly important are the applications that require high temperature operation; hence, special attention will be given to the temperature effects on microstructural changes in vacuum, and its correlation with the improvement of the mechanical properties.
Experimental
(Ti,Si,Al)N coatings were deposited onto refractory steel (AISI 310), high-speed steel (M2) and silicon substrates by rf or a combination of rf and dc power supply reactive magnetron sputtering in an Alcatel SCM 650 system. The depositions were carried out in an Arq N atmosphere and before each deposition the substrates 2 were sputter-etched for 10 min in an Ar atmosphere with a 200 W rf power. Two series of samples were produced in rotation mode, from high-purity Ti, Si and Al targets. Some samples were prepared with the titanium target coupled to a rf source, while others were deposited using a d.c. power supply. A Ti adhesion layer of approximately 0.35 mm was deposited onto these samples before coating deposition. A third series of samples was produced in static mode with some pieces of Si and Al distributed symmetrically on the erosion zone of the Ti target, which was coupled to a rf power supply. Further detailed information regarding some deposition parameters is presented in Table 1 .
The atomic composition of the as-deposited samples was determined by electron microprobe analysis (EMPA) and Rutherford backscattering (RBS). In order to extract the areal density, a proton beam of 1.6 MeV and a He beam of 2 MeV were used in the RBS q measurements. An average number of five 'ball cratering' (BC) experiments were performed in each sample in order to determine its thickness. Texture and structure were determined with X-ray diffraction (XRD) experiments using CuKa radiation. To evaluate the tribological properties, such as the wear and friction coefficient, pinon-disk wear tests were carried out. After wearing with a Si N pin at a 5 N normal load and at a speed of 0.5 3 4 ms the disk wear track was checked with a profiloy1 meter. A computer-controlled Fischerscope H100 ultramicrohardness tester equipped with a Vickers diamond indenter was used in order to obtain the hardness values. A series of hardness measurements with maximum load values between 20 and 80 mN were performed with a sample with a hardness value of 48 GPa. For a maximum load of 40 mN, the hardness values were considered independent of the maximum load applied, and the indentation depths did not exceed one tenth of the coating thickness w14,15x. However, when the sample thickness and high hardness allowed the use of higher maximum loads, a value of 60 mN was used. A description of the necessary offset and thermal drift corrections can be found elsewhere w16-18x. On average, 10 tests were performed on each sample. For the vacuum annealing, the samples were introduced in a vertical furnace, then being subjected to a thermal cycle consisting of a heating time of 1.5 h up to the annealing temperature, 1 h being held at that temperature (6008C, 8008C, 9008C, 10008C), followed by slow cooling to room temperature. All samples were analysed by XRD and indentation after heat treatment in vacuum in order to study the thermal stability of the microstructure and hardness. Table 2 presents some experimental details as well as some results such as composition, thickness, density, hardness and the Young's modulus of typical (Ti,Si,Al)N samples.
Results and discussion

Chemical and structural analysis
Regarding the microstructure of the as deposited samples, two distinct phases were observed. An example of this behaviour is shown in Fig. 1 which represents the X-ray diffraction patterns obtained from samples 1, 2, 3 and 4. The first three samples (Fig. 1a-c) were prepared in static mode applying a power of 1000, 600 and 850 W, respectively, while the fourth sample (Fig.  1d) was deposited by rotation mode. The first sample is characterized by a strong narrow peak (FWHMf0.38) and three other weak peaks that match a cubic phase with a lattice parameter of 0.420 nm, similar to what was obtained with the (Ti,Si)N samples w10x which revealed an fcc structure upon TEM observations w10,19x, with grain sizes ()30 nm) and Si content (f10 at.%) that justified the assumption that the Si atoms were substituting Ti atoms w10,19x. In this case, the Si atoms have six-fold coordination that is not usual for covalently bonded Si, but it was already found in other compounds w20,21x. The second sample (Fig. 1b) is characterized by a very broad peak (FWHMf1.68) that is usually associated with a smaller grain size. The indicated peaks match with a cubic phase that can be assigned to a NaCl type structure with a lattice parameter of 0.428 nm. This value is higher than the corresponding value of TiN bulk (0.424 nm), but justified by the residual stress effect on the peak positions (f1%) w22,23x. An enhancement in mobility in the growing film and changes in ion-to-atom flux ratios are sufficient for the TiN phase to develop. With a change in rf power from 600 W to 1000 W, the deposition rate increased by a factor of almost 2, but the density bias current at the substrate only increased by a factor of approximately 1.2. This implies a decrease in the ion-to-atom flux ratio, and consequently, in the adatom surface mobility. An increase in the superficial mobility is enough to ensure the segregation of the Si atoms and consequent formation of an amorphous phase (SiN ) and TiN The grain size of the film material decreases with increasing concentration of amorphous tissue material and can be as low as 1-10 nm w11,24,27x. The samples prepared with 850 W (static mode) and 750 W (rotation mode), associated with intermediate levels of adatom surface mobility, revealed little differences in its behaviour. Some samples exhibit an asymmetric broad peak where both phases are not markedly distinguished (Fig. 1c) , corresponding to the peak centroid of an intermediate lattice parameter. This behaviour evidences a solid solution of both phases. Other samples with lower Si content clearly exhibit both phases (Fig. 1d) . This can be explained by the alternating deposition of Ti and Si, although with a deposition rate of approximately 1 nm per rotation in order to avoid a multilayer structure. Furthermore, the low Si content also allows the definition of both phases.
Mechanical properties analysis
A superhard nanocomposite coating is characterized not only by its hardness, but also by its Young's modulus (E) and elastic recovery (W ). The differences between Fig. 1 . X-Ray diffraction patterns of (Ti,Si,Al)N films deposited at same substrate temperature (3008C) and bias voltage (y50 V) on silicon and steel substrates. Fig. 2 . Loading-unloading curve measured by a ultramicrohardness tester for a hard and a superhard (Ti,Si,Al)N coating. For each sample it is indicated the hardness (H), Young's modulus (E) and elastic recovery (W ). e hard and superhard (Ti,Si,Al)N coatings are not only evident on the microstructure and its hardness. The mechanical behaviour is also significantly different, as can be seen in Fig. 2 from the typical loadingyunloading curves of ultramicroindentation measurements made on two (Ti,Si,Al)N samples. The hard sample exhibits a higher plastic deformation since the area between the loading and unloading curves is larger than for the superhard ones, having the latter a hardness of approximately 54 GPa and a high elastic recovery (74%). In contrast, the hard film, with a hardness of 30 GPa, exhibits a lower elastic recovery (24%). The correlation between high hardness and high elasticity is supported by the predicted behaviour of the nanocomposites under a high applied stress: due to the absence of dislocations no plastic deformation can occur. Instead, the formation of nanocracks (which cannot propagate) leads to a permanent brittle microfracture upon indentation.
Because such nanocracks can easily close when the applied load is removed, a large elastic energy can be reversibly adsorbed by the material, leading to a kind of 'work hardening' w8x.
Regarding the relationship between the hardness and the microstructure, it was found that the hardness of (Ti,Si,Al)N films is lower than 40 GPa (sample 1-36 GPa, sample 10-30 GPa) when the Ti-Si-Al-N phase is formed with a relatively large grain size, which is also evident from the peak width in diffraction patterns (Fig. 1a) . This relatively high hardness is mainly due to the solution hardening.
An increase in hardness can be achieved when films are composed of smaller TiN grains -broad X-ray reflections (Fig. 1b) with a preferential (200) orientation. This preferential grain growth should be favourable to the increase on hardness since the crystals being oriented in the same direction (have low angle boundaries) should provide coherent interaction across the amorphous tissue w28,29x. This behaviour is in accordance with the Ti-Al-N system w28x. Additionally, the samples that are formed by the two described phases also show high hardness values ()50 GPa), which can be justified by the mixture of two hard phases as well as by the relatively low grain size.
Concerning the wear behaviour, the measurements that have been done did not yield a correlation between the hardness and the wear coefficient (see Table 3 ). Nevertheless, further experiments should be performed in order to acknowledge the tribological behaviour of these coatings.
Thermal stability
The superhardness of the nanocomposites is a simple consequence of the mechanical stability of its nanostructure. Therefore, the thermal stability of the nanos- tructure should be the key for the stability of hardness, being crucial for industrial applications. Depending on their structure, the (Ti,Si,Al)N films revealed different behaviours during 1 h annealing in vacuum. Figs. 3 and 4 show the structural evolution of samples 8 and 9 in the initial state and after annealing at different temperatures in vacuum. In the first case, annealing at temperatures until 9008C, a significant change in the phase composition when compared with the initial phase was not encountered. However, on sample 9 (whose structure could be identified as a mixture of hard phases but with an intermediate lattice parameter), upon annealing at temperatures up to 8008C, a few changes in the phase composition compared with its initial state were observed. More precisely, a small peak shift towards lower 2u angle values coupled with peak broadening was noted. After the annealing at 8008C. The formation of a TiN phase (as0.429 nm) was observed. The increase in mobility promoted by the temperature rise stimulated the segregation of Si or Al atoms at the grain boundaries and the subsequent substitution of these atoms by Ti atoms in the fcc lattice w30,31x. However, from the peak position itself, the level of structural changes is not clearly understood. The recrystallization temperature of the coatings that is estimated when a structural change is observed in the XRD patterns is presented in Table 3 as a function of the initial grain size, residual stress, and chemical composition.
Sample 7 was found to have the highest thermal stability, despite having a Si content of only 2 at.%. This observed high stability must be related to some kind of inherent thermodynamic stability, as such an energy reduction is a result of atomic rearrangements in the grain boundaries w32x. The inhibition of grain growth by strong segregation causes a reduction of the grain boundary specific energy, which results in a metastable state that needs a high 'activation energy' for coarsening w13x. Fig. 5 displays the evolution of the hardness values with the annealing temperature. The hardest samples (7 and 9) increase their hardness values after annealing at 8008C, followed by a decrease at 9008C. A strong and stable interface is believed to be the origin of this stability, which also avoids the grain boundary sliding.
Conclusions
The present work demonstrates that nanostructured thin films within the (Ti,Si,Al)N system can be prepared by reactive magnetron sputtering. Furthermore, it was shown that for this system:
1. The formation of a mixture of two phases, whose structure is similar to TiN occurs. One phase is noted as TiN bulk with a lattice parameter of 0.428 nm and develops only in conditions of high surface mobility. This behaviour can be associated with the segregation of SiN phase; however, the formation of x an amorphous AlN phase cannot be excluded. Another phase, which is noted as Ti-Si-Al-N, where Si and Al atoms substitute the Ti atoms in the TiN lattice, develops in situations of low surface mobility. 2. The superhardness correlates with a high elastic recovery. The hardest sample (Hs54 GPa) exhibits a high elastic recovery (74%). 3. The sample whose structure is identified as a Ti--Si-Al-N solid solution presented hardness values close to 40 GPa. An increase in hardness was observed upon the formation of the nanocrystalliney amorphous phase. 4. For applications where the temperature of the coatings does not exceed 8008C, the (Ti,Si,Al)N system seems to be stable. In contrast, for applications where a temperature of 8008C or more is reached, it is necessary to have a higher control on the deposition parameters in order to obtain a specific structure.
